We have measured dispersions of spin-flip waves and spin-flip single-particle excitations of a spin polarized two-dimensional electron gas in a Cd1−xMnxTe quantum well using resonant Raman scattering. We find the energy of the spin-flip wave to be below the spin-flip single particle excitation continuum, a contradiction to the theory of spin waves in diluted magnetic semiconductors put forth in [Phys. Rev. B 70 045205 (2004)]. We show that the inclusion of terms accounting for the Coulomb interaction between carriers in the spin wave propagator leads to an agreement with our experimental results. The dominant Coulomb contribution leads to an overall red shift of the mixed electron-Mn spin modes while the dynamical coupling between Mn ions results in a small blue shift. We provide a simulated model system which shows the reverse situation but at an extremely large magnetic field.
I. INTRODUCTION
Collective spin dynamics in dilute magnetic semiconductors (DMS) is an active field under intense investigations. [1] [2] [3] [4] This field provides an insight into the origins of carrier-induced ferromagnetism in semiconductors [4] [5] [6] [7] [8] [9] and an understanding of particular features of the DMS 6,10 due to the presence of two spin sub-systems that are dynamically coupled via Coulombexchange interaction: that of the itinerant carrier and that of the localized magnetic impurities. As an example of these features, the transverse spin excitation spectrum has been theoretically found to be composed of three types of excitations. These are: two collective excitations corresponding to itinerant and localized spins precessing in phase or out of phase to each other, and single-particle (or Stoner-like) excitations of the itinerant carriers. 6, 10, 11 The in-phase collective mode is the Goldstone-like mode. The out of phase mode has a dominant contribution from the itinerant carrier subsystem. 6, 11 Experimental evidences of the entire spectrum in ferromagnetic DMS like GaMnAs is not available. Reported so far are features related to the zone-center in phase mode, dominated by the Mn spin precession, its dynamics 3,12,13 and its ferromagnetic resonance.
14 We find no experimental data available for the out of phase mode. Indeed, ferromagnetism in GaMnAs systems requires a high Mn concentration, which destroys the quality of the crystal potential and smooths out all optical resonances.
To gain more insight into the DMS spin excitation spectrum, Cd 1−x Mn x Te doped quantum wells are a very good alternative as they are clean and efficient to capture the general properties of the collective spin dynamics in DMS materials. The high quality of Cd 1−x Mn x Te quantum well structures leads to a high mobility of the itinerant gas (electrons or holes) together with well-defined optical resonances, 15 an important condition for the observation of electronic Raman signals from the carrier subsystem. 16 The presence of Mn impurities interacting with the two dimensional electron gas (2DEG) embedded in the Cd 1−x Mn x Te quantum well, thus, provides interest on two levels. First, the static mean-field s-d contribution from the Mn ions produces a large Zeeman splitting:
where ∆ is the Overhauser shift due to the Mn spin polarization and − |g e | µ B B is the normal Zeeman splitting of the conduction band (here g e −1.64 for µ B > 0). This leads to a high spin polarization degree ζ = (n ↑ − n ↓ ) /n 2D in the 2DEG. 17 It makes it a suitable system to study features of spin-resolved Coulomb interaction. 8, 18 The above approach was followed in our previous work to study spin excitations of the spinpolarized 2DEG (SP2DEG). 8, 16, 17, 19 . Propagative spin flip waves (SFW) of electrons were observed 16 and their appearance was linked to the Coulomb interaction between electrons. 17 On a second level, it provides evidence of the mixing between electrons and Mn spin modes in the frequency 9 and time 4 domains as predicted in Ref. 7 . Nevertheless, a connection between these manifestations needs to be made: in the first approach, s-d dynamical coupling with the Mn was neglected, while in the second, Coulomb interaction between electrons did not manifest experimentally and was not taken into account in theories of Ref. 7, 11 . There is, therefore, a lack of full understanding of the mixed spin-excitations where both Coulomb interactions between electrons and the s-d dynamical coupling with Mn spins interplay. Moreover, in the later studies, 4,9 only the zone center collective electron-Mn modes were probed. From the Larmor's theorem, 16 it is known that the spin system behaves as if the electrons arXiv:1008.3663v1 [cond-mat.mes-hall] 21 Aug 2010
were not interacting through Coulomb. This explains why theories describing the electron-Mn modes, without the Coulomb interaction between carriers, 7 agree well with the experimental data of Ref. 9 . Out of zone center, predictions of Ref.
11 , found the out of phase mode (socalled stiff mode) to have a positive dispersion above the Stoner continuum. However, we have shown by angleresolved Raman measurements that the collective electron spin mode (SFW mode), was below the spin-flip single-particle excitations (SF-SPE) 8 , together with a negative slope dispersion with the Raman transferred in plane momentum q. 16 It is natural to make the correspondence between the stiff mode of Ref.
11 and the SFW mode of Refs.
8 and 16 (Stoner-like excitations are obviously the SF-SPE). Therefore, our experimental observations are in contradiction with the theory of Ref.
11 . In the following we will use the denomination "out of phase mode" or OPM to describe a mode which coincides with the stiff mode when the Coulomb interaction between carriers is neglected or to the SFW mode when the s-d dynamical coupling with Mn spins is neglected.
In this work, we want to resolve this contradiction, by first showing new experimental data that clearly shows the SF-SPE continuum and that the OPM propagates below it with a negative dispersion. Secondly, we will introduce a new propagator for the electron-Mn collective modes that includes the Coulomb interaction between spin-polarized carriers. Finally, we justify the experimental features by comparing the s-d exchange dynamical correction due to the coupling of the electron and Mn spin precession with the correction introduced by the Coulomb interaction between carriers. We will demonstrate that the ratio of these two corrections does not depend, at standard conditions, on the Mn concentration and that the Coulomb correction always dominates over the s-d dynamical shift except for very large electron densities.
II. SAMPLES AND EXPERIMENTAL SETUP
Our measurements were made in the back scattering geometry on a Cd 1−x Mn x Te single quantum well with electron densities n 2D ranging from 2 × 10 11 cm −2 to 4 × 10 11 cm −2 and an effective Mn 2+ concentration x Mn ranging from 0.24% to 1%. 18 The quantum wells were grown by molecular beam epitaxy on a GaAs substrate.
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These quantum wells and their spin polarizations have been characterized in our previous publication.
18 Here we will consider samples A and B of that reference. Both A and B have a density of n 2D = 2.9×10 11 cm −2 and different Mn concentrations, 0.46% and 0.75%, respectively. Measurements were taken with the samples immersed in superfluid helium at ∼ 1.5 K inside a superconducting magnetic cryostat. The essential part of the cryostat is in the rod holding the sample, which allows for control in three directions, including rotation of the sample in the plane of the magnetic field for dispersions while the collection/reflection mirror was kept fixed. This design aids in an easy study of the Raman scattering dispersions with an accuracy of 1 degree (q = 0.3 × 10 6 µm −1 ). To determine the in-plane wave vector q transferred in the plane of the quantum well, the angle of rotation θ is measured between the normal of incidence of the sample and the scattered light. q is obtained from the geometry of the set-up as q ∼ 4π λ sin θ, where λ is the excitation wavelength. 21 The holder was inserted in the core of a solenoid producing magnetic fields of up to 5 T in the plane of the quantum well. A tunable cw Ti-sapphire laser, pumped by an Ar + laser was used as light source. The laser power density was kept below 0.1 W/cm 2 and the linewidth was 0.3 cm −1 at a slit opening of 50 µm. The energy of the laser was tuned to resonate close to the transition between the first conduction band and the second heavy hole band of the quantum well.
III. RESULTS AND DISCUSSION
In Fig. 1 , we show typical Raman scattering spectra obtained on sample A for various Raman transferred momentum q obtained at different magnetic fields: (a) B = 0.6 T, (b) B = 1.2 T and (c) B = 2.1 T. In the figure, q varies from 0 to ∼15 µm −1 . All spectra are dominated by a sharp-peaked line associated with the collective SFW as already demonstrated in Ref. 16 . We will show in the following that this mode is exactly the out of phase electron-Mn mode (the stiff mode of Ref.
11 ) of the DMS system. The SFW mode is narrow in width compared to the other excitations in the spectra and is found to be intense at all magnetic fields. As q is increased, the intensity and energy of the SFW decreases and eventually diminishes at a critical wave vector, q c . 17 The linewidth of the SFW broadens with increasing q, damping out due to interactions with the SF-SPE continuum.
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At high energies, features of the SF-SPE are observed in the spectra of Fig. 1 . These features emerge as the magnetic field is increased, showing a fan-shaped like behavior at large q values leading to a continuum. This continuum corresponds to the joint density of state of electron-hole pairs in the Fermi sea which has a characteristic double-peak structure. 17 In the following, we have labeled the maxima positions of the SF-SPE continuum as SPE1 and SPE2. In the long wavelength limit, SPE1 and SPE2 peaks are close to Z * ±hv F↑ q where v F↑ is the Fermi velocity of the minority spin subband and Z * is the renormalized Zeeman energy.
8 SPE1 and SPE2 are degenerate at q = 0 forming a single peaked structure positioned at Z * . 8 At small wavevectors, a clear distinction between SPE1 and SPE2 is difficult as these features overlap. SPE1 shifts to low energies, decreasing in intensity and eventually vanishing as q is increased. SPE2 on the other hand, increases both in intensity and energy when increasing q. The dip between SPE1 and SPE2 is due to the occupancy of the upper spin subband.
In Fig. 2 , we compare the Raman scattering spectra taken on sample B (x M n = 0.75% and n 2D = 2.9 × 10 11 cm −2 ) for various q with calculated spectra for the same conditions obtained from the collective response and the single particle response of Ref.
17 . The experimental spectra are neither given by the collective response, nor the single-particle one, but by a mixing of both responses. This is a consequence of the optical resonance with the incoming Raman photon.
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We now plot in Fig. 3 the dispersions of the SFW and features of the SF-SPE extracted from Fig. 1 and compare with calculations. The spin polarizations in Fig.3 and 3(b) are respectively ζ = −0.14 and ζ = −0.07. In the spectra of Fig. 1 and the dispersions in Fig. 3 , our data show clearly that the SFW mode propagates below the SF-SPE continuum with a negative slope dispersion at energies that are in exact agreement with the calculated OPM energy. Evidence is given that this experimental mode is the OPM (or stiff mode of Ref.
11 ). Consequently, our observations are in contradiction to this theory which predicted that the dynamical s-d exchange interaction between the Mn ions and the electrons shifts the OPM above the SF-SPE continuum with a positive dispersion. To resolve this contradiction, we have introduced the Coulomb interaction between carriers to calculate the coupled electron-Mn response. Details of the calculations are given in Ref. 23 . The mixed response function is calculated adiabatically and leads to the following electron spin susceptibility: (B, T ) is the thermal average spin of a single Mn atom. γ is the probability of finding an electron in the quantum well. Typical orders of magnitude in our samples of ∆ and K are ∼ 10 −3 and ∼ 10 −6 eV, respectively. Interpretation of the poles is as follows. In the frame of the Mn ions, the Mn precession frequency is determined by the Zeeman energy of the Mn (g Mn µ B B), the static mean-field s-d contribution from electrons (K), and the third term is the "dynamical" Knight shift that originates from the electron precession itself responding (through the χ + (q, ω) response) to the Mn magnetic field (proportional to ∆). modes of Eq.(2) develop two modes:
where
They open an avoided gap at a specific magnetic field B R when Z M n − Z e = 0, as illustrated in Fig.4 where B R = 5.9 T for x Mn = 0.24. The upper (resp. lower) energy branch is the OPM (resp. in phase). For B < B R , the OPM (resp. in phase) has an "Electron like" character (resp. "Mn-like"), because it is mainly dominated by the electron (resp. Mn) spin precession. In resonance (B = B R ) modes have a complete mixed character. These zone center modes were observed in Ref. 9 and Ref. 4 . The resonance field depends mainly on the Mn concentration and for the experimental situation of Fig.3 , it is about 10.7 T. Figure 3 compares the dispersion of the OPMhω + q , calculated using Eq.(2) and the parameters of sample A, with the experimental one. Undoubtedly, the agreement with the data is excellent without any fitting procedure. The dispersion of the SFW modehω SF W q defined as the unique pole of χ + (q, ω) is also plotted. It appears that the introduction of the s-d dynamical coupling shiftshω + q negligibly from the pure electron modehω SF W q for that situation. However, the inclusion of the Coulomb interaction in Eq. (2) positions the OPM below the SF-SPE continuum with a negative dispersion, contrary to what was found in Ref.
11 . Illustration of this phenomenon is provided in Fig.5 . In Fig. 5(a) and (b) the electron-Mn modes dispersion were calculated using the denominator of Eq.(2) by replacing the SP2DEG spin susceptibility with the non-interacting equivalent, which is single particle response [see Ref.
17 ]. Such a calculation is equivalent to the approach of Ref.
11 . Thus, for no Coulomb interaction between electrons, the pure electron modes are the SF-SPE (poles of the singleparticle response) degenerate to Z e at q = 0. Inclusion of the s-d dynamical coupling with the Mn introduces a collective OPM propagating above the SF-SPE continuum (upper curve in Fig. 5(a) and (b) ). The relative "blue-shift" is labeled x sd . In presence of Coulomb interaction between carriers, however, a collective electron mode (SFW) appears and propagates below the SF-SPE continuum with a negative dispersion given byhω SF W q . The SF-SPE zone center energy is "blue shifted" from Z e to Z * bye Coulomb-exchange. The relative "red-shift" of the SFW mode with the SF-SPE is labeled x C . Inclusion of the s-d dynamical coupling with Mn introduces a new shift which determines the final energy of the OPM.
Thus, we have separated two effects. First, Coulomb introduces a shift between the collective electron mode and the SF-SPE energies with a relative quantity quantifiable by x C = (Z * − Z e ) /Z e . Second, the s-d dynamical coupling with the Mn shifts this mode tohω + q with a relative shift quantifiable as x sd = hω
Clearly, in the situation of Fig.3: x C x sd . We may ask if conditions can be found such that x sd > x C ? If so, the OPM would propagate above the SF-SPE continuum with a positive slope dispersion. We should distinguish two situations. For B < B R :
In resonance, however, (B = B R ),
In Figure 6 , we compare x sd calculated out of resonance and x sd (r) calculated in resonance with x C for quantum well widths, w = 50Å and w = 150Å. Both x sd and x sd (r) are calculated as a function of the electron density, plotted in terms of r s . As seen in Fig. 6 , the dynamical shift x sd (r) overcomes the Coulomb effect at a sufficiently low electron density corresponding to r s = 0.2 and 0.08. The out of resonance dynamical shift x sd overcomes the Coulomb effect at much lower densities.
We now simulate a situation in which a prediction with hω + q propagating above the SF-SPE is possible. We have assumed the material parameters of Fig. 6 , that is, when the dynamical shift dominates the Coulomb shift. We show such calculated dispersions of mixed spin modes in Fig. 7 for r s = 0.1. Indeed, the electron modes appear above the SF-SPE continuum. However, to obtain such an effect, a significant spin polarization of ζ = 0.2% must be reached by raising the Mn ion concentration to x M n = 10%. This means that an external magnetic field needs to be tuned to a resonant field of B R = 130 T, an experimental challenge! We note here that the small blue shift introduced to the SFW energy by the dynamical coupling x sd , explains the near excellent agreement between our previous model and experiment. Since the Coulomb effect dominates in our quantum well, the mixed modes evolve essentially as an electron wave.
IV. CONCLUSIONS
We have probed dispersions of spin flip waves and spin flip single particle excitations in a spin polarized electron gas in a Cd 1−x Mn x Te quantum well using angleresolved Raman scattering. Our key result is that the SFW dispersion lies below the SF-SPE continuum, contrary to predictions made by the theory of spin waves in diluted magnetic systems. Analysis of our measurements with a model accounting for the Coulomb interaction between carriers and the dynamical response of Mn ions and the electron spin subsystem in the spin wave propagator of the theory agrees well with our experimental results. We have found that the Coulomb contribution dominates over the dynamical response. We have investigated a regime in which the dynamical coupling overcomes the Coulomb effect and find this to occur at an extremely large external magnetic field and for a high Mn ion concentration.
